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SUMMARY 
Extensive nucleotide sequence data is now known for six 
small isometric phages, (0Xl74, G4, St-1, Sl3, a3 and ¢K). 
Comparison of these sequences allows us to observe the role of 
deletion, duplication, and nucleotide drift in the evolution 
of these phages. It is evident that small deletions play a 
considerable role in the changes observed in both the coding 
and untranslated, non-coding regions of these phages. There 
are no deletions in the overlapping gene regions, but surpris-
ingly it is found that the rate of nucleotide change in the 
overlapping genes is very little different from that observed 
in the non-overlapping genes. The dnaG primase recognition 
site, the origin of complementary DNA strand synthesis, is 
present in different locations in these genomes, suggesting 
that it might have been acquired from an outside source, 
sometime in the past. 
INTRODUCTION 
Good morning, ladies and gentlemen, today I will discuss 
the evolution of the isometric E. coli bacteriophages, that use 
single-stranded circular DNA asthe"Irgenetic material. 
There are 14 such phages described in the literature, 7 
of which have been quite intensively studied (For a Review of 
the whole family, see Godson, 1978a.). 0Xl74 is the best known 
of this series, and over the years it has been a model system 
for many molecular biological problems, in particular, DNA 
replication. In 1977, the complete nucleotide sequence of 0Xl74 
was established by F. Sanger of the MRC Cambridge (Sanger, 
et al., 1977), making it the first DNA phage with a completely 
known genomic structure. We now have considerable nucleotide 
sequence data on 5 more of these isometric phages, the sequences 
of G4, Sl3 and St-1 being complete (See Table 1). This unique 
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collection of related nucleotide sequence data gives us an op-
portunity to see some of the mechanisms of genetic change at 
work. 
The basic genomic structure of all of these phages is 
exemplified by that of 0Xl74 and is illustrated in Figure 1 . 
The 5386-nuc l eotide sequence codes for 11 genes (A thru J), 
Table 1. Isometric Single-Stranded- (SS-) DNA Phages of 
E. coli, with Known Nucleotide Sequences 
PHAGE GENOME SIZE 
(Nucleotides) 
0Xl74 5386 Sange r,et al. ,1977 
G4 5577 Godson, et al . ,1978 
St-1 6000 Godson, et al. , 1 980 
Sl3 Spencer, et al., 1978 
3 Sims, et al., 1980 
0K Sims, et a l ., 1980 
Descriptions of the various phage nucleotide sequences 
throughout this paper use sequences taken from these 
sources, and no attempt will be made to keep referring 
back to them. 
three of these genes, B, E, and K, being overlapping. Over-
lapping genes are genes that are entirely encoded within the 
coding sequence of existing genes, but are read as a second 
reading frame. Approximate l y half of the 0Xl74 genome codes 
for structural virion proteins (genes F, G, Hand J) and the 
other half codes for proteins that are either morphogenetic 
(genes E, C and D) or enzymatic (genes A and E). The function 
of these genes is shown in Table 2. Between some genes there 
are untrans lated regions; 63 untranslated nucleotides separate 
genes Hand J, 111 separate genes F and G, and 36 separate 
genes J and F. It is in these untranslated regions that many 
of the regulatory sequences reside, and these are often asso-
ciated with stable secondary-structure hairpin loops . In 
0Xl74 the secondary-structure loops between genes F and G, H 
and A, and J and Fare stable enough to be recovered from sin-
gle-strand-specific endonuclease digests of the single-stranded 
DNA (Bartok, et al., 1 975 and Fiddes, 1976). The loop between 
genes Hand A is the main termination site of the mRNA trans-
cripts and the loop between genes F and J is believed to be a 
minor mRNA termination site (see Hayashi, 1978 for a discussion 
of 0Xl74 mRNA transcription). The loops between genes F and 
Gare now known to be a recognition site the host cell dnaB 
protein which is involved in initiation of the 0Xl74 complemen-
tary DNA strand (Shlomai and Kornberg, 1980). 
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The genomic structure of the related phages G4 and St-1, 
as deduced from their nucleotide sequences, is similar to that 
of ¢Xl74. Both have the same number of genes arranged in the 
same order and with the same three overlapping gene systems. 
The main difference between G4 and ¢Xl74 is that in the untrans-
lated region between genes F and G, G4 contains a recognition 
site for the E. coti dnaG primase protein, which is responsible 
for initiating at this site synthesis of the G4 complementary 
DNA strand. ¢Xl74 lacks this sequence, and to initiate synthe-
sis of its complementary DNA strand, it uses a complex system 
of proteins, including the E. coii dnaB protein, which results 
in multiple near-random initiation sites of synthesis. St-1 
uses the dnaG primase initiation system, but the recognition 
site is located in the gene G/H intergenic region, rather than 
in the F/G intergenic region as in G4 (Sims, et al., 1980). 
St-1 also appears to lack the minor RNA transcription terminator 
between genes J and F. The overall nucleotide sequence of G4 
differs from that of ¢Xl74 by 33% (one nucleotide in three) and 
likewise St-1 differs from both ¢Xl7'4 and G4 by a similar per-
centage. These differences in nucleotide sequence were, however, 
evident for some time before the nucleotide-sequence data were 
m RNA terminus 
JV 
Figure 1. Physical genetic maps of ¢Xl74, G4 and St-1 were 
drawn from the nucleotide sequences of the three 
phages (see Table 1). A convenient summary of the 
evidence for the biological data shown can be found 
in the "Single Stranded Phages", Cold Spring Harbor 
Press, ed. Denhardt, Dressler and Ray, 1979. 
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available from electron microscopic heteroduplex DNA studies 
and from restriction enzyme digestion studies. The patterns 
of nucleotide sequence changes between St-1 and ¢Xl74 and St-1 
and G4 show the same basic features as between G4 and ¢xl74, 
and for the sake of simplicity only the latter examples will 
be used. The aligned G4 and ¢Xl74 nucleotide sequences are 
given at the end of this article. 
EVOLUTION OF DNA CODING SEQUENCES IN NON-OVERLAPPING GENES 
, The gene-by-gene comparison of the differences between 
the nucleotide sequences and amino acid sequences of G4 and 
¢xl74 is given in Table 3. Several points emerge; firstly 
the nucleotide sequence changes differ from gene to gene, and 
some genes are more conserved than others . For instance, the 
nucleotide sequence of G4 gene Fis 33.6% different from the 
nucleotide sequence of ¢Xl74 gene F, whereas the nucleotide 
Table 2. Genes and Proteins of Bacteriophage ~Xl74 
MOLEC. WT. 
PROTEIN 
58,730 
(38,750) 
13,850 
OF 
FUNCTION OF PROTEIN 
Site-specific endonuclease (double-
strand DNA replication) 
Unknown (host-cell shutoff?) 
Morphogenetic (assembles part of 
virion) 
K Unknown 6,400 
C Unknown 10,080 
16,811 
10,600 
4,097 
48,340 
19,053 
H 34,430 
Scaffold protein involved in phage 
assembly 
Lysis protein 
Basic protein packaged in virion 
(charge neutralization?) 
Major capsid protein 
Part of capsid spike 
Part of capsid spike 
The sizes of the gene products were calculated from the complete 
¢Xl74 nucleotide sequence (Sanger, et al., 1977). 
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sequence of the adjacent gene G is 51.7% different between 
the two phages. Gene Dis the most conserved gene,being only 
25% different between the two phages. This means that differ-
ent genes within a single genome change at different rates, 
and one has to be careful in calculating evolutionary diver-
gences from estimates of the average sequence change in a 
stretch of DNA. Secondly, only a low proportion of the nucleo-
tide-sequence changes are silent, that is,nucleotide changes 
that do not alter amino acids. Again, this differs from gene 
to gene. For instance, in gene D, 40 % of the nucleotide dif-
ferences between G4 and ¢Xl74 are third-or first-po~ition codon 
changes that do not change the amino acid, whereas in gene A 
25% and in gene G 21% of the nucleotide differences result in 
Table 3. Conservation of Nucleotide and Amino Acid Sequences 
in Coding Regions of G4 and ¢Xl74 
% AMINO ACID % NUCLEOTIDE % SILENT 
GENE CHANGES CHANGES CODON CHANGES 
A 37.1 36.2 25.1 
A' 21.1 22.9 28.7 
B 44.2 23.9 5. 8 
K 39.3 23.8 7.1 
C 32.6 34.5 34.9 
D 17.8 25.0 39.5 
E 46.9 23.3 5.2 
J 52.6 57.0 23.7 
F 34.0 33.6 31.1 
G 60.1 51. 7 21. 3 
H 31. 6 35.7 36.8 
TOTAL 34.8 33.1 27.2 
The data was calculated from the aligned nucleotide sequences 
of G4 and ¢Xl74 (Godson et al., 1978), and can be recalcu-
lated from aligned sequences shown in the Appendix to this 
paper. The figures are expressed as percentage difference 
of G4 vs. ¢Xl74 sequences as a standard. 
silent changes. In the total non-overlapping coding regions 
30.3% of the nucleotide changes are silent and do not alter 
the amino acids that they code for; 69.7 % are noisy. These 
figures are different in the overlapping genes, genes B, K 
and E. (See below). 
148 GODSON 
Changes that can be observed in the non-overlapping gene 
regions, comparing one phage to another, are as follows: 
a) silent third position codon changes, for instance 
GTT (Val) to GTA (Val) 
b) synonymic changes such as TTG (leu) to CTC (leu) 
c) small deletions or insertions of a few amino acids 
(see genes G and H) 
d) large deletions and insertions such as in gene A where 
G4 has stretch of 141 nucleotides that are not present 
in ¢Xl74 
e) duplications, as is seen in the gene J regulatory region 
in G4 
f) variable gene termi~ation. The start of genes appears 
to be relatively fixed, but the terminations wander 
using different terr:-.ination codons , (TAA or TGA) , and 
terminating in different places. 
Examples of these changes can be seen in the aligned 
G4/¢Xl74 sequences presented in the appendix. 
St-1 is about 10 % larger than G4 (ab~ut 500 nucleotides) 
and G4 is about 5% larger than ¢Xl74 (about 250 nucleotides) and 
most of these extra nucleotides are inserted in the non-over-
lapping gene coding regions (the rest are inserted in the 
untranslated regions). Consequently, G4 non-overlapping genes 
tend to be longer than ¢Xl74 genes and St-1 genes longer still. 
To match the coding sequences of these three phages it has been 
necessary to insert deletions in one coding region relative to 
the other . This is relatively easy when two sequences are com-
pared such as ¢xl74 and G4 (See Appendix). However when three 
sequences are compared (see Figure 2), finding the correct place 
to insert these deletions is difficult because the coding se-
quences of these phages appear to be mixtures of each other. 
For instance, in gene H (figure 2) at amino , acid 4 and 17, G4 
is like St-1; at amino acids 2,6,10,12,14, and 18, G4 is like 
¢Xl74, and at amino acid 19, St-1 is like ¢Xl74. In the other 
position the amino acids are the same in all three phages. 
This type of mixed similarity occurs throughout the coding 
regions when the 3 phages are compared. To align the gene H se-
quences, it was necessary to delete from ¢Xl74 and G4 five amino 
acids beginning at relative position 19 and one amino acid at 
relative position 54. Further into the gene, it was also neces-
sary to delete 7 amino acids of ¢Xl74 and 11 amino acids of G4 
beginning at relative position 88, 1 amino acid of St-1 at rela-
tive position 117, and 1 amino acid of G4 at relative position 
119 . Similar deletions occur throughout the rest of the gene. 
However, if one forgets the amino acid sequences and com-
pares and fits the nucleotide sequences blind, a surprising 
G4 
¢x 
St-l 
G4 
(j)X 
St-l 
G4 
(j)X 
St-l 
G4 
¢X 
St-l 
G4 
q,x 
St-l 
G4 
¢x 
St-l 
G4 
¢x 
St-l 
G4 
¢x 
St-l 
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Gene H 
~SEJ<[ILE UGLY GlY !LEU SER U LEU U GlY GlYfLEU(MJGlY 
 TCT ATC GCT GGC GGT ATC GCC TCC r:J:.A CTT GCC GGA GGC CTI ATG GGT ---
1 i I I I I I I I I ll II mm==m=•=m===m==•=•=-
~MuuuuuuuuSERuLEUuuuu~SER 
~m==m=•=m===m==•=•=-1 11 1 I II I 11 111 I Ill I 1111 I l l 
~tTTAN3T~m~-~TC6~CTC~m =~-
~LEU~~~U~U~SER~LEU~LEU umu 
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Figure 2. 5' end of ¢Xl74, G4 and St-1 gene H, matched using 
amino-acid-sequence homology. This data represents 
about one third of the H gene. 
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result emerges. There appear to be many gaps in the nucleo-
tide sequences and they occur not only as triplets, but 
as any number of nucleotides, from one upwards. This is shown 
in Figure 3, which compares the 5' end of gene H from five 
phages, ¢Xl74, G4, St-1, a3, and ¢K. These gaps often create 
third-position codon changes and suggest that the regions of 
considerable nucleotide and amino-acid-sequence mismatch be-
tween the phages may have resulted from a series of multiple 
deletions rather than from serial nucleotide changes. 
5' End of Gene Hin ¢x, G4, St-1, a3, ¢K, 
Aligned According to Nucleotide Sequences 
¢Xl 7 4 5' A T r, TT T - r, 6 T , C TAT T 6 CT 6 6 C 6 6 T AT T 6 C T TC T H TC T T - 6 C T - 6 6 T 6 6 C 6 CC.\ - T - - r, TC T A.I I TT G T T J' 
G4 5' AT GT TT- 66 C TC THC HT 66C66TA TC6CCTCC6CAC TT-6C-C66A66C C TT A-T- -6G GT AAA! UTT J' 
St- 1 5' AHC TT-66AA G TATCA TT66A66TA TT66C TCA TC 6C 16- -CTC66A66AC TT 6C T TC C66-C66-TA TC J' 
a3 r AT6-TTA66TGCC6TT6TT66T66CATT6CCTCA6CC-TTA6CT-A6T66T6CC6CTTC--6-AAATTATT y 
¢K 5' AH C TT-HT AGTATCATT66A66CATT66TTCA TC6CT6- -C TC66A66AA TT6C TT CC66-C66-TA TC J' 
(continued) 
¢Xl 74 5' H6A66CHJCAA--- -- --- -- - - --- ------ -- - -- - - -AAA- --6CC6CCTCC- --66T66CATTC J' 
G4 r T66C66C66JCA6--------------------------------TCC6CC6ACTCT---ACC66AAT-- y 
st- 1 r TCCA6--TCTC--CTTAATAAAAT6TTT-A6TAAAAT6CCA6AA~CAC6CC6CCTCTTCT6CT66CCTT- y 
a3 r T66A66CTCTCA6C6T----66A-6TTTCT6TT--AT6C-A6CAA66T6CC6A6TCT---6CC66A-TTG y 
q>K 5' TCCA6-C-CTC--CTTAATAAAAT6TT-CA6TAAAAT6CCA6AA-CAT6CC6CCTCTT[T6CT66CC l' 
Figure 3 . The source of the sequence data is as described in 
Table 1 . The alignments are best fit by eye, and 
should be compared with the alignments deduced from 
the amino acid sequences, shown in Figure 2. 
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When the nucleotide se-
quences flanking the deletions 
(either inserted using amino-
acid conservation as in Figure 
2, or using nucleotide conser-
vation as in Figure 3) are 
examined for a consensus se-
quence that might indicate 
some mechanism of de l etion, 
none is found except in the 5' 
part of the A gene. In this 
case severa l of the f l anking 
sequences show an astonishing 
resemblance to the cistron A 
protein- nicking - site sequence 
(see figure 4). The A protein 
is a multifunctional enzyme 
which nicks the doub l e-stranded 
DNA at the beginning of a rourrl 
of replication of the viral ON\ 
strand and ligates the ends of 
the disp l aced single strand at 
the end of a round of replica-
tion. Both the nicking and 
ligating take place at a recog-
nition sequence that contains 
AACTTGiTATTA. It is possible 
that towards the end of a round 
of DNA rep lication, the enzyme 
might on a rare occasion gather 
DNA over a short stretch and 
assemble a recognition se-
quence, cutt ing and ligating 
the DNA at this point and so 
generating a deletion. 
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EVOLUTION OF THE OVERLAPPING GENES B, K, AND E 
When overlapping genes were first proposed, (Barrell, et 
al., 1978) they were greeted with skepticism because it was 
argued that rate of evolutionary change would be drastically 
slowed, if one nucleotide change altered two proteins. How-
ever by comparing the ¢xl74 and G4 and St-1 it turns out that 
the frequency of nucleotide change in overlapping gene regions 
differs little from that in non-overlapping gene regions. In 
G4 and ¢Xl74 there is a 25 % nucleotide change in the overlap-
ping genes (i.e. one in four nucleotides are different) and a 
33 % nucleotide change (one nucleotide in three) in the non-
overlapping gene regions. Some of the nucleotide changes in 
overlapping gene regions do not change amino acids in either 
reading frame, as is shown in Figure 5. The secret to over-
lapping genes appears to be that one of the genes does not 
have a stringent amino-acid requirement for its activity. As 
can be seen in Table 2, the amino-acid-sequence changes between 
G4 and ¢Xl74 in genes B, Kand E are 44.2%, 39.3% and 46.9% re-
spectively. This is much higher than the amino-acid changes 
at other pairs of the overlapping gene, the A gene (37.1 %), 
the C gene (32.6%) and the D gene (1~.8%). In the regions of 
the A, C and D genes that contain the overlapping B, Kand E 
genes, the amino acid changes fall to 27.5%, 24.1% and 15.6% 
respectively. 
Both overlapping and non-overlap~~ng genes of G4 and ¢xl74 
are characterized by having a high fr~quency of T (U in the 
RNA) in the third position of the codon. Analysis of the number 
of codons with u in the third 2osition in the overlapping gene 
regions gives some insight into the origin of the overlapping 
genes (See Table 4). It can be seen that in the gene A/B 
overlapping gene system both gene A and gene B maintain a high 
Figure 5. An example of a single nucleotide change in an over-
lapping gene region that does not alter the amino 
acid in either phase. 
D phase glu leu phe 
,-1-, r-1--i ,---L---, 
E phase Arg Cys Ser 
,----L-,r-1-------,,--I--, 
5' G A A C T G T T C G 3' 
I 
5' G A A T T G T T C G 3' 
L,-------JL,-JL,-J 
E phase Arg Cys Ser 
L....,-----J ~ L--,----J 
D phase glu leu phe 
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frequency of U in the third position, but in the A phase,coded 
beneath the B gene, the frequency drops to at least half. This 
has been used to support the argument (Smith, et al . , 1976) 
that the gene A/B overlap resulted from a loss of the A gene 
termination codon and read through into and beyond the B gene. 
However, analysis of the third-position changes in these genes 
(see Table 3) does not support this hypothesis. In the gene 
D/E overlapping gene system, the situation is the opposite of 
the gene A/B overlap, in that the gene E phase has a low per-
centage of codons with U in the third position compared to the 
D phase across the E gene region. This has been used as an 
argument that gene D/E overlap did not arise by read-through, 
but that the gene E arose as a second-phase protein because 
its function required a strong bias toward hydrophobic acids. 
Table 4. Percentage of Codons with u in the Third Position in 
the Overlapping Genes 
!i'JX174 G4 
gene A (whole gene, A phase) 39.0 % 30.9% 
gene A (gene B region, A phase) 15.8 14.2 
gene B (B phase) 36.7 33.3 
gene A (gene K region, A phase) 46.4 42.9 
gene K 26 . 8 25.0 
gene C (whole gene, C phase) 32 . 6 20.2 
gene C (gene K region, C phase) 20.7 24.1 
gene K 26 . 8 25.0 
gene D (whole gene, D phase) 42.1 41. 4 
gene D (gene E region, D phase) 39.1 40.9 
gene E (E phase) 14.3 15.6 
The gene E codes for the lysis protein and the N-terminus of 
the E protein is strongly hydrophobic. Twenty out of the 
first thirty N-terminal amino acids are hydrophobic, including 
an amino acid sequence leu-leu-leu-leu-ser-leu-leu-leu (!ZlX174) 
in a position suggestive of a signal sequence (Habener, et al., 
1978) . This is what one would expect of a membrane-inter-
acting protein. Hydrophobic amino acids tend to have U in 
the middle position of their codons and this can easily be 
generated by shifting the phase by one frame to the left or 
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right in a coding region that has high U in the third position. 
Gene K is also strongly hydrophobic and the same argument can 
be applied to it as to gene E . A detailed analysis of the 
evolution of these three overlapping gene systems is given in 
Fiddes and Godson, 1979. 
If the existence of overlapping genes does not seriously 
constrain the frequency of nucleotide change, the question 
arises as to why there aren't more overlapping genes in these 
phages, and in fact why the whole of the DNA of the coding re-
gions is not read in two or even three phases. These con-
siderations led to a search for new overlapping genes in G4 
and ¢xl74 using a computer to find unrecognized ribosome-
binding-site sequences preceding an ATG initiation codon 
followed by an open reading frame of at least 20 amino acids 
(see Godson, et al . , 1978). There are 20 new possible over-
lapping genes in ¢Xl74 and 11 in G4. Most of these code for 
small proteins averaging about 50 amino acids long. Only 3 
of these new possible genes are common to both G4 and ¢Xl74 . 
A search was made for viral-coded small proteins in 14C-la-
belled infected cell extracts, and one was found and its amino 
acid sequence established . This was the gene K protein (Shaw, 
et al., 1978) . No evidence has so far been found for the 
existence of proteins corresponding to the other two possible 
new overlapping genes, but they may be made in very small 
amounts and may be difficult to detect. 
THE EVOLUTION OF INTERGENIC UNTRANSLATED REGIONS 
The intergenic untranslated regions of G4, ¢Xl74 and St-1 
are characterized by being the most mismatched sequences in the 
genome. They also vary in size between one phage and another. 
For instance the H/A, J/F, F/G, and G/H intergenic spaces in 
¢xl74 are 63, 36, 111, and 8 nucleotides long, but are 59, 45, 
136, and 10 nucleotides long in G4. The most dramatic change 
is seen in the St-1 G/H intergenic space which is 137 nucleo-
tides long and contains the DNA G primase binding site that is 
present in the G4 F/G intergenic space. 
In G4 a new intergenic region has been formed, between 
genes E and J (see Figure 6). This appears to be a result of 
a duplication of 17 nucleotides in G4 which has the effect of 
separating the gene J ribosome binding site and start of gene 
J from the termination of the gene D and out-of-phase gene E 
as in ¢Xl74. This duplication and separation of the gene J 
ribosome binding site may be associated with the deletion of 
1/3 of the G4 gene J (See Appendix). The J protein is highly 
basic (12 out of 38 amino acids are arg or lys in ¢Xl74, and 
7 out of 24 in G4) and is packaged in the virion. It has been 
suggested that the function of the J protein is to neutralize 
the charge on the packaged DNA and if this is the case, more 
copies of the smaller G4 J protein would be needed than the 
larger ¢Xl74 J protein. Indeed, in UV-irradiated infected 
cells, G4 synthesizes greater molar amounts of J protein 
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relative to the other viral proteins , than ¢X174. 
The chromosomal re-arr~ngements in this region can be 
fairly clearly deduced. G4 retains the TAA termination codon 
of the gene D but has lost the TGA termination codon of the 
gene E. Another TGA which acts as the gene E terminator occurs 
in G4 12 nucleotides further on, and this results in the G4 E 
protein being larger by 5 amino acids than its ¢Xl74 counter-
part. The overlapping gene D termination and gene J initiatia-
tion codon TAATG in ¢Xl74 is changed to TAAG in G4 and another 
ATG initiation codon 41 nucleotides further on is used for 
gene Jin G4. This creates the new intergenic space between 
genes E and J. The 14-nucleotide sequence at the end of the 
¢xl74 gene Dis repeated with just two nucleotide changes in 
G4 at the now distant start of the G4 gene J. The runs of Ts 
in the rest of this new intergenic space hint at further du-
plications. These changes are detailed in Figure 5. 
[
¢x 
G4 
1¢X 
lG4 
J START J 
RBS END E END D 
5' GT G CG GIA AG GA GIT G Ail G!i.ilil..ii)-42 BASE DELETION-----3' 
I I I ! ! ! 
5' G C G C T C A A G G T G T C A T GIT A AjA G A C C T Tffil T T T A T C G T C T T C 3' 
5' 
END D ENDE 
~----------' 
START J 
-------------,[:!]TC TA A A 3' 
111 
5' AC TT T 3' 
J RBS 
Figure 6. Duplication of G4 Gene J Ribosome-Binding Site 
All of the intergenic spaces contain ribosome-binding-site 
sequences for the distal gene, and in ¢X174 and G4 the F/G, H/A 
and J/F intergenic spaces also contain palindromic sequences 
that will form stable secondary-structure hairpin loops. These 
loops are associated with mRNA termination sites (A/Hand J/F 
spaces) and with recognition of proteins that are concerned with 
DNA replication (see below). In St-1 the J/F intergenic space 
lacks a sequence that can form strong secondary structure (a 
weak possible loop can be formed from the GAGC - - - - - - CGC 
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sequence, (See Figure 7). It is not known whether this region 
in St-1 functions as a minor mRNA termination site as in ¢X174 
and G4. 
G4 
(?Xl74 
St-1 
(45) 
6 C 
C 6 
C • 6 
A· T 
6 . C 
G • C 
END J ; : ~ RBS START F 
5' !TAA!TCTTTTATG · CTCTATTT!AAGGA!TACAAAAIATG! 3' 
cf' mRNA TERMINATION 
T C 
T G 
(36) C · G 
G • C 
G • C 
6 • C 
END J 6 · C RBS START F 
5' _I T A A~ T G CA • TT AC TT ~ ~ AT TjA T GI 3' 
~RMINATION 
(33) 
END J RBS START F 
5' , ! TA AJTT AT 6 AG CT TC AG G G Cl CT TT!A AG G A!A AA TT A €TI) 3' 
Figure 7. Gene J/F Intergenic Region 
CONSERVATION OF THE ORIGINS OF DNA REPLICATION 
G4 has two unique origins of DNA replication, one for each 
of its strands, and they are separated by approx imately half of 
the genome in distance (Martin and Godson, 1977). The origin 
of the viral DNA strand is within the coding region of gene A, 
and it is the nicking site of the gene A protein (a site spe-
cific endonuclease) (Langeveld, et al., 1978). The A protein 
recognition site is the most conserved sequence in three 
phages (G4, ¢x174, and St-1) that have been examined so far 
(Fiddes and Godson, 1978). Within a region of very consider-
able sequences mis-match and deletion (see Figure 4), there are 
31 nucleotides that are unchanged between G4 and cpx174 and that 
have only two changes in St-1. It is at the -TGAT sequence 
that the A protein c_utJL_ This has been shQ.wn b_y_ i n v_i_t'I'..o_ 
studies with purified A protein . The G4 and cpx174 A proteins 
have also been shown to cut heterologously; that is, they 
cut each other's DNA. 
The second unique origin in G4 is that of the compleme-· 
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tary strand synthesis and it is within the F/G intergenic 
region. The exact origin of the G4 complementary-strand 
synthesis was deduced by sequencing the small priming RNA 
that is synthesized by the dnaG primase (Rowen and Kornberg, 
1978) (Figure 8). Likewise, the exact origin of St-1 com-
. plementary strand DNA synthesis has also been deduced (Sims, 
et al., 1980). The secondary-structure loops probably form 
a recognition site for the dnaG primase protein. Similar 
sequences and secondary structures appear in the A bacterio-
phage and Esaheriahia aoli origins, but it is not yet proven 
that they are analogous in function to the G4 sequence (the 
G4 origin functions on single-stranded DNA: the E. " aoli and 
A origins function in double-stranded DNA, but whether when 
active the A and E. aoli origins are denatured and functionally 
T A 
\ ,cG G4 Gene F /G Intergenic Space 
A· T 
t •G 
T· C 
G ·C 
G· C 
T• A 
C A 
t: A 
T T A G 
C· G A C 
C, G G· C 
C, G C· 6 
n n ORI 
C· 6 C· 6 
END GENE F ;,:~ ::/ 7 START GENE G 
5' me 6 CA AC AA AG· CG T 6 CC TAC G 6 A 6 AT ACT C 6 A 6 TC TC C 6 AT AC AT 6 ·CC TACT G CAA A Gt CA AIAA G G Alt TA AC A T[Tij 3' 
G4 Gene G/H Intergenic Space 
END GENE G START GENE H 
T G 
A T 
T G 
T T 
5' (ill}; G A TT A TC C t[ITj 3' 
G· C 
G· T 
C · G 
St-1 Gene ' G/H Intergenic Space 
C 
C C 
C C 
T •A 
C· • A 
A· T T G 
C· G T C 
ne t:i 
C· G G ,C 
G· C G ,C 
C· G A, T ORI 
END GENE G nA ::) 7 . START GENE H 
5' mATAAAAG·C GAG CC GT AC GGAGAT AC C CGAT AA ACT AGGAACGTG•CC TC CT 6 CT AAGCC C AAA~ T TA CAA fil 3' 
Figure 8. Origin of Complementary DNA Strand Synthesis 
in G4 ' and St-1. 
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single-stranded is not yet known). ¢Xl74 lacks the dnaG 
primase binding site and it uses a more complex initiation 
system that involves at least seven proteins (dnaB, dna C/D, 
protein i,n,n' ,n' ') as well as the dnaG primase. The ini-
tiation of ¢Xl74 complementary-strand synthesis appears to 
occur at random; however it has now been shown that the dnaB 
protein interacts with a sequence in the ¢Xl74 F/G intergenic 
space and this might well be a recognition site for the pro-
tein (Shlomai and Kornberg, 1980), despite its not being the 
site of synthesis of the priming RNA. Thus, in ¢Sl74 com-
plementary-strand-synthesis recognition of the DNA by the 
initiation protein complex is specific, but the synthesis of 
the priming RNA is random. 
EVOLUTION OF THESE PHAGES 
It is interesting that of the 7 different isometric 
phages that have been examined in detail, the relative mis-
match-is about 33 % or one nucleotide in three. The genomes 
however all appear to have kept the same order of genes and 
overa-1-1 genomic- organ-±-zation-. - No- new genes- have been- de-
tected that are present in one of these phages, but not 
another, when examined by either nucleotide-sequence analysis 
or by viral-protein synthesis. This means that the functions 
of the viral-coded proteins are not seriously affected by 
their considerable amino-acid-sequence difference. The ulti-
mate in this respect is the evolution of the overlapping genes, 
where the frequency of nucleotide change is little different 
from that seen in non-overlapping gene regions. This appears 
to be made possible by the low amino-acid-sequence conserva-
tion of one of the pairs of the overlapping genes. The 
mechanism of the nucleotide change is not clear, but deletion 
(or insertion) of small stretches of DNA appears to play an 
important role. 
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PHE ASP PHE GLU Ar.:G jZIX 
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I I I I I I I I I I I 
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A 55 HET PHE LYS VAL HIS SER ASP TYR PHE SER LYS PRO ASN G4 
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A 4312 ASN THR ILE ASP HI S ARG PRO GLU GLY ASP GLU LYS TRF' PHE LEU GLU ASN GLU LYS THR ~ 
ATAACACTATAGACCACCGCCCCGAAGGGGACGAAAAATGGTTTTTAGAGAACUAGAAGA 
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A 4372 VAL THR GLN PHE CYS ARG L YS LEU ALA ALA GLU ARG PRO LEU L YS ASP ILE ARG ASP GLU l,!IX 
CGGT T ACGCAGTTTTGCCGCAAGCTGGCTGCTGAACGCCCTCTTAAGGATATTCGCGATG 
cbor !1A6A AAbirroJ +! +bAocrbo 1 r + cAiAfco!ccbcrrAA~GATATbcoco~Jo 
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GAATGAAACTGTTATCAATGGCTCACCTGTCAGCGGAAACCCTGATGGAA CTGACCCAAG 
1353 ASN ~ GLU THR VAL I LE ASN GLY SER PfW VAL SER OLY ASN PRO ASP GLY THR ASP PRO SER 
MET LYS LEU LEU SER MET ALA HIS LEU SER ALA GLU THR LEU MET GLU LEU THR GUl VAL 
GL Y LEU ARG ARG ASP ALA VAL GLN PRO ASP ILE GLU ALA GLU ARG LY S L YS ARG ASP GLU 
5212 GLY TYR ASP ALA THR PRO PHE ASN GLN ILE LEU LYS GLN ASN ALA LYS ARG GLU M[l ,!\RG 
TGGGTTAC GACGCGACGCCG T TCAACCAGA T ATTGAAGCAGAACGCAAAAAGAGAGATGA 
I I I I I I I I I I 
141~ 8G~/ \~u A CA~/ CA~GT \:/ Cp~/ 6v!LT cor/ c □r/ CH~/ CL~/ GGrUA GA~1/ 60~/ C1A~ / \~NA GG~i/ \~/ GA~/ CG~N 
--1:)t.Y--"TYFf"""""A'S'f"·- VAL THR PRO-- l~H E- ~ASlil ASN ILE LEU L YS - ao:r---AS"N \ ALA L YS L YS GLU LEU L YS 
¢X 
G4 
¢X 
G4 
¢X 
G4 
¢x 
G4 
I-' 
C'I 
"' 
c;i 
0 
t:l 
en 
0 
z 
B 5272 ILE GLU ALA GLY L YS SER TYR CYS SER ARG ARG PHE GL Y GL Y ALA THR CYS ASP ASP L YS 
A LEU ARG LEU GL y L YS VAL nm VAL ALA ASP VAL LEU ALA ALA GLN PRD VAL THR THR ASN 
GATTGAGGCTGGGAAAAGTTACTGTAGCCGACGTTTTGGCGGCGCAACCTGTGACGACAA 
I I I I I I I I I 
A A T C _G A G G C T G G C A A A G A A A T C T G T C G C C G A C G T T T T G G A G G C G C A A C C T G _T G A C G ft C G A 
ILE G,b.1t •. ,,,,,,,eJ::fL,; GLY L.XS~-- GLU ILE GYS-.. ARG Afi:G ... ARO -PHE .. GLY GU,.,,,, ALA THR . CYS,"··"":fl:.$.P.  ., ....... AsP GLU 
A 1473 SER ARG LEU ALA L YS L YS SER VAL ALA ASP VAL LEU GLIJ ALA OLN PRO VAL '
THR THR ASN 
B 
A 
B 
A 
5332 SER ALA GLN ILE TYR ALA ARG PHE ASP LY S ASN ASP TRP ARG ILE GLN PRO ALA GLU PHE 
LEU LEU LYS PHE MET ARG ALA SER ILE LYS HET ILE GLY VAL SER ASN LEU GLN SER PHE 
A T C T G C T C A A A T T T A T G C G C G C T T C G A T A A A A A T G A T T G G C G T A T ·c C A A C C T G C A G A G T T 
I I I I I I I I I I I I I I I I 
A T C T G C T A A A A T T C A T G C G C A A T T T G A C C C G A A C A A T C G G A G C G T C C A A C C T A C A. Q .... f!.JrJ" T 
SER f!.l,. . .fl. L YS _U,._E HIS -~.!,,.A GLN PHE ASP PRO ASN ASN ARG SER VAL GLN PRO THR \,.G½,1,.1,_ Pl:4£. 
1533 --LEU~-·· l.Eu LYS · PHE HET ARO ASN LEU THR ARG THR ILE GLY ALA SER~SN---LEU GLN ,, SER PHE' 
1/lX 
G4 
1/lX 
G4 
K 
B 
A 
TYR Al'i:G PHE HIS ASP ALA GLU VAL ADN THR P HE GL Y TYR PHE *** 
MET SER ARG L YS ILE ¢X 
ILE ALA SER MET THR GLN LYS LEU THR LEU SER ASP ILE SER ASP GLU SER LYS ASN TYR 
T T A T C G C T T C C A T G A C G C A G A A G T T A A C A C T - T T C G G A T A T T T C T G A T G A G T C G A A A A A T T 
I I I I I I I I I I I I 
TTATC!3CTTCAATGACCACGAAATTAACAAGTACGGATATTTCTGATGAAACCAAAAACT 
MET LYS PRO LYS THR 
TYR ARG PHE ASN ASP HIS GLU ILE ASN LYS !"YR GLY TYR PHE *** 
K 
B 
A 159'3 = = - ~ - - = ~ - - - - = - - .~ GU:l THR LYS ASN, TYR,. G4 
K 
A 
K 
C 
A 
K 
C 
A 
66 ILE LEU ILE LYS GLN GLU LEU LEU LEU LEU VAL TYR GLU LEU ASN ARG SER GLY LEU LEU 
LEU ASP L~ YS ALA GLY ILE nm THR ALA CYS LEU ARG ILE L YS SER L YS TRP THR ALA GL y 
ATCTTGATAAAGCAGGAATTACTACTGCTTGTTTACGAATTAAATCGAAGTGGACTGCTG 
I I I I I I I I I I I I 
ACGTTGCTTCTGCAGGAATTGCTGTTGCTAACTTACGAATTAAATCGAAGTGGACTGCTG 
THR LEU LEU LEU GLN GLU LEU LEU LEU __ L~_IJ, THR TYR GLU LEU ASN ARG SER. GJ.. '( __ j,.£~ ...... ,.,LE;:iJ:; 
=~====~==-~=====-~B~ 1653 
126ALA GLU ASN GLU LYS ILE ARG 
MET A~G L YS PHE ASP 
GLY LYS *** 
GCGGAAAATGAGAAAATTCGA 
I I I 
GTGGAAAATGAGGAAATTCAA 
VAL GLU ASN GLU GLU ILE GLN 
NET ARG L~ PHE ASN 
1713 GLY LYS *** 
prm 
LEU 
C C T 
I 
T C T 
SER 
LEU 
ILE LEU ALA GLN LEU GLU L YB LEU LEU LEU CYS ASP 
SER LEU ARG SER SER ARG SER SER TYR PHE ALA THR 
ATCCTTGCGCAGCTC 
I I I I I I I I 
GAGAAGCTCTTACTTTGCGAC 
I I I I I 
CAACTTAAAAAACTC GAGGTCGTCTTA CTTTGCAAC 
GLN LEU LYS LYS L!;:!J .. 
ASN LEU L YS ASN SER 
_GLU VAL VAL LEU 
ARG SER SER ... ... ''tYif. 
LEU CYS ASN 
·•=p·Hg ;~ ALA THR 
1/lX 
G4 
1/lX 
G4 
K 186 LEU SER PRD SER THR ASN ASP SER VAL LYS ASN *** ¢X 
C PHE ARG HIS GLN LEU THR ILE LEU SER LYB nm ASP ALA LEU ASP GLU GLU LYS TRP LEU 
CTTTCGCCATCAACTAACGATTCTGTCAAAAACTGACGCGTTGGATGAGGAGAAGTGGCT 
I I I I I I I I I I I I I I I 
CTTTCGCCAT.CATCTCAACGTGCT'GGCAAAAACTGACGCCCTTGACGAGGAGAAATACTT 
K LEU SER PRO SER SER GLN ARG ALA GL Y L YS ASN *** 
C 177) " '.PHE ARG HIS HIS LEU ASN VAL LEU · ALA LYS ' fH.R ASf' ALA LEU ASP GLU GLU LY? TYR LEU G4 
246 ASN MET LEU GLY THR PHE VAL L YS ASP TRP PHE ARG TYR GLU SER 
TAATATGCTTGGCACGTTCGTCAAGGACTGGTTTAGA 
l A A T A T G + T ! G G .~ ! C + ! T C J T C A A G G A C T G G T T J: )~ G (~ 
TA TGAGTCA 
I I I I 
TACGAA GAA 
c· 183.i° ASN HET LEU GLY ALA LEU LEU LYS ASP TRP P-HE ARG TYR GLU GLU 
HI S PHE VAL HIS GLY 
CATTTTGTTCATGG 
I I 
CATTTCGTGCATGG 
HIS PHE VAL HIS GLY 
1/lX 
G4 
tl'.J § 
8 
1-:l 
H 
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z 
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en 
tl'.J 
JO 
C: 
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306 ARG ASP SER LEU VAL ASP ILE LEU LYS GLU ARG GLY LEU LEU SER GLU SER ASP
 ALA VAL 
TAGAGATTCTCTTGTTGACATTTTAAAAGAGCGTGGATTACTATCTGAGTCC
GATGCTGT 
I I I I I I I I I I I I I I I I I I I I I I I I 
TAAACAATCAATGCTTGACATACTGAAAGAACGTGGCCTATTATCCACATCG
TCAACTGA 
C 1893 LYS GLN SER HET LEU ASP ILE LEU LYS .GLU 
ARG GLY LEU LEU ' SER THR SER SER THR ASP 
D 
C 
366 GLN PRO LEU ILE GLY LYS LYS SER HE!** SER GLN 
T C A A C C A C T A A T A G G T A A G A A A T C A T G A G T C A A. 
bl~AAlbclbAAAooAAAc+6Al-oro+br!AA 
HET SER L YS 
1953 THR ASN HIS LYS GLY ASN *** 
VAL THR GLU GLN SER VAL ARG F'HE GLN 
GTTACTGAACAATCCGTACGTTTCCAG 
+ b l A l b o A A + b + b c + o r A 6 b b r r t"c A 1 
S ER ASN GLU SER ALA VAL ALA PHE OLN 
426 THR ALA LEU ALA SER ILE LYS 
ACCGCTTTGGCCTCTATTAAG 
LEU ILE GLN ALA SER 
CTCATTCAGGCTTCT 
ALA VAL LEU ASP 
GCCGTTfTGGAT 
LEU THR 
TTAACC 
GLU ASP 
GAAGAT 
I I I I I I I I I I I I I I I I I I 
ACTGCTATCGCTTCTATCAAA GA
GGAC 
D 2012 THR ALA ILE ALA SER ILE ,L YS 
CTTATTCAAGCATCT 
LEU ILE OLN ALA SER 
rcTGTTCTTGAC 
SER VAL LEU ASP 
TTGACA 
LEU THR GLU ASP 
486ASP PHE 
GATTTC 
I 
GATTTT 
ASP PHE LEU THR SEF\ ASN L YS 
G AT TT TC T GA CG .AG TA AC A A A 
I I I I I I I I I I I 
GACTTCTTAACTCGCGACCGT 
VAL 
G T T 
I 
mp ILE ALA THR ASP ARG 
TGGATTGCT ACTGACCGC 
I I 
SER ARG 
TCTCGT 
I I 
ALA ARG 
GCTCG,r 
D 2072ASP PHE ASP PHE LEU THR ARG ASF' ARG 
G T C 
VAL 
TGGATTGCT 
TRP ILE ALA 
ACCGACCGT 
THR ASF' ARO 
TCACGC 
SER ARG 
GCTCGC 
ALA ARG 
546 ARG CYS VAL GLU ALA CYS VAL TYR GL Y THR LEU ASP PHE VAL GLY rrn PRO ARG 
PHE PRO 
E MET VAL ARG TRP THR LEU TRP ASP THR 
LEU ALA PHE LEU 
CGCTGCGTTGAGGCTTGCGTTTATGGTACGCTGGACTTTGTGGGATACCCTC
GCTTTCCT 
I I I I I I I I I I I 
C G T G C T A· T C G A G G C T T G C G T A T A T G G A A C A C T G G A C T T T G T C G G G T A T C C T C
 G C T T T C C T 
~ 2132 ARG ALA ILE GLU ALA CYS VAL TY~ET GL ~LU TH:IS LE~RP AS~HR PH~EU VAtER GL ~LY TY~ LE P,R~EU AR~LA PH~HE . .f'..8~EU 
¢x 
G4 
¢x 
G4 
¢x 
G4 
¢x 
G4 
¢x 
G4 
D 6D6 ALA PRO VAL GLU PHE ILE ALA ALA VAL ILE ALA TYR TYR VAL HIS PRO VA
L ASN ILE GLN ¢X 
E LEU LEU LEU SER LEU LEU LEU PRO SER LEU LEU ILE MET PHE ILE P RO 
SER THR F'l-·IE LYS 
GCTCCTGTTGAGTTTATTGCTGCCGTCATTGCTTATTATGTTCATCCCGTCAA
CATTCAA 
I . - I I I 
G C T C C T G T T G A G T T T A T T T C T G C C G T C A T T G C T T A T T A C G T T C A -T C C C G T T A
 A C A T C C A A 
D ALA PRO VAL GLU PHE ILE SEF\ AJ,,.e VAL .. ILE ALA TYR T'l'R VAL HIS PRO_ V
AL ASN ILE GLN ' 
E 219:2 LEU LEU LEU SER LEU PHE LEU PRO SER LEU LEU 
ILE THR PHE ILE - PR'□ LEU THR SER LYS G4 
D 666 THR ALA CYS LEU ILE HET GLIJ GL Y ALA GLU PHE THR GLU _ ASN ILE ILE AS
N GL Y VAL GLU ¢X 
E ARG PRO VAL SER SER TRP L YS ALA LEU ASN LEU ARG L YS TI-IR LEU LEU 
MET ALA SER SEr, 
AC G G CC T GT CT CAT CAT G GA AG G CG CT G AAT TT AC G GA A A AC ATTA TT A AT G
 G CG TC GAG 
I I I I I I I I I I. 
AC CG CC T GT CT CAT CAT G GA AG GT G CT GAG TT TAC CG A A A AC ATC GT CA AT G
 GT GT T GA A 
D THR ALA CYS LEU ILE MET GLU GLY ALA GLU PHE THR GLU ASN ILE VAL A
SN ~ GLY VAL GLU 
E 2252 PRO P~O VAL SER SER TRP L YS ... VAL LEU SER LEU 
PRO L YS THR SER SER ~H°Et VAL LEU ASN G4 
726 
ARG F'FW VAL L YS ALA ALA GLU LEU PHE ALA PHE nm LEU ARG VAL ARG ALA GL
 y ASN TI-IR ¢x 
VAL AHG LEU L YS F'RO LEU ASN CYS SER ARG LEU PRO CYS VAL TYR ALA GLN GL
U THR LEU 
C G T C C G G T T A A A G C C G C T G A A T T G T T C G C G T T T A C C T T G C G T G T A C G C G C A G
 G A A ;, C A C T 
I I I I I I I I I I I I I I 
C G C C C C G T T A A A G C C T C T G A A C _T G T T C G C C T T C A C T C T T C T T G T T C G C G C C G 
G A A A C A ,~ A 
D ARG PRO VAL ~,,:''I'~ ..... ALA SER GLU LEU PHE ALA PHE THR LEU LEU VAL ARG ALA G
L Y_ . /1_§~ . . L YS 
E 2312 ALA PRO LEU . "L. Ys PRO LEU ASN CYS SER PRO SER LEU PHE LEU Pl-IE --ALA" PRO - GLU
0
• THR LYS G4 
I-' 
"' 
.i:,. 
G"l 
0 
tl 
en 
0 
z 
D ?SGASP VAL LEU THR ASP ALA GLU GL U ASN VAL ARG GLN L YS LEU 1-1RG ALA GLU GL Y VAL MET @{ 
E = - = = = = = = ~ = - = - = - - = = -GACGTTCTTAC T GACGCAGAAGAAAACGTGCGTCAAAAATTACGTGCGGAAGGAGTGATG 
I I I I I I I I I I I I I I I I I I I I 
GATCTTATCGGTCACGCTGAAACHAACATCCGTGAACAGTTACGCGCTCAAGGTGTCATG 
D . ASP LEU ILE GL Y HIS ALA Q.bJJ , THR A.SN. ILE ARG _QLU GLN LEU .JIRG ALA GL N GL Y VAL MET 
E 2372 ILE LEU SER VAL THR LEU LYS GLN THR srn VAL ASN SEf.: TYR ALA LE U LY$ VAL SH: CYS G4 
J 846*** ME T SER L YS GL Y LYS @{ 
TAA - ----·------- ·----·--·--- -ATGTCT AAAGGTAAA 
I I I 11 I I I 
TAAAGACCTTTGATTTTATCG T CTTCACTTTT A AGGAGT TAT GTAATGAAAAAATCAATT 
*** MET LYS LYS S ER ILE 
==-=- ~ 
J 863 L YS ARG SER GL Y ALA ARG PRD GL. Y ARG PRO GLN PRO LEU ARG GL Y THR L YS GL Y L YS ARG 
AAACGTTClGGCGCTCGCCCTGGrCGlCCGCAGCCGTTGCGAGGTACTAAAGGCAAGCGT 
I I I I I I I I 
CGCCGCTCTGGT- ·- ·-·- ·-- ---·----- ----- ·--·- --- ------- GGCAAA fC T 
J 2492 ARG ARG SER GL Y GL y L YS S ER 
J 923L YS GL Y ALA AE'G LE U TRP TYf~ VAL GLY GLY GLN GLN PHE 
*** AAAGGCGCTCGT C T T TGGTAT GT AGGTGGT CAACAA TTTTAA - TTG CAGGGGCTTC 
I I I I I I I I I I I I I I I I I 
AAGGGTGCC CGTCTC 
ARG LEU 
fGGTATGTAGGCGGAA CACAA fAC fAATCTTTTATGTGGG ACCGC 
J 25uLYS OLY ALA TRP TYR VAL GLY GLY rnr~ OLN TYR 
*** 
978 MET SER ASN ILE GLN THR GLY ALA GLU ARG ME T 
GGCCCCfTACT TGAGGATAAAT T 
I I I I I I I 
A T G T C T A A T A T T C A A A C T G G C G C C G A G C G ·1 A T G 
I I I I I I I I I I 
GGTCCCACl C T ATTTAAGGATACAAA AATGTCTAACGTTCAAACATCTGCGGACCGTGTA 
2573 
F l0)4 PRO HIS ASP LEU SER HIS LEU 
CCGCATGACCT "J fCCCATCTT 
I I I I I 
CCTCATGACTTA fCTCACCT T 
263,/RO HIS ASP LEU SER HIS LEU 
MET SER ASN VAL 
GL '1 F'HE LEU ALA GL Y GLN 
GGCTTCCT"J GCTGGTCAG 
I I I I I I I 
GTCTTTGAGGCTGGTAAA 
VAL PHE GLU ALA GLY L YS 
F 1094 sER nm n m PRO VAL ILE ALA GL Y ASP srn PHE GLU MET 
TCAACTACTCCGGTTATCGCTGG CGA C TCCTTCGAGATG 
I I I I I I I I I I I I I I I 
TCTTGGACGCCTGGTGGTGCTGGTGAC f CTTTCGAGTGT 
SER PHE GLU CYS F 2693 SER TRP THR PRO GL Y GL Y ALA GL Y ASP 
F llS4 L E U SER PRO LEU ARG ARG GL Y 
CTTTCTCCATTGCGTCG T GGC 
I I I I I 
CTGTCCCCTCT T CGTCGTGGC 
F 27~;3LEU S ER PRO LEU AFW ARG GL Y 
LEU ALA ILE ASP 
CTTGCTATTGAC 
SEF~ fHF,' 
TC TACT 
I I 
CTCGCTGTT 
LEU ALA VAL 
I I I I 
GACTCACGC 
ASP SER Ar..:G 
F 1214 VAL nm HIS AF\G HIS VAL TYR GL Y GLU GLN rnP ILE - L YS 
GTr,ccTCATCGTCACGTTTATGGTGAACAGTGGATTAAG 
l T C C C l C A ! C G T C A -~ l T ! T A I: G G T ! A ~ C ~ G T G G A T T A A b 
F 2813 ILE P RO HIS ARG HI S I LE TYR GLY GLN GLN TRP ILE ASN 
GLN THR 
ILE GL Y 
ATTGGT 
I 
AfTGGC 
ILE GLY 
S ER ALA 
ARG LEU 
CGTCTT 
I I 
CGCCTC 
ARG L E U 
ASF· ARG VAL 
ILE THR ILE 
ATTA C CATT 
I I I I 
AAAACTATC 
L YS THR ILE 
ASP ALA VAL GLY ALA LEU ARG 
G A C G C C G T T G G C G C T C T C C G ·1 
I I I I I I 
GATATGGTTGGCGCTATTCGT 
ASP MET VAL GLY ALA ILE ARG 
VAL ASP ILE F"HE fHR PHE !"YR 
GTAGACATTTTTACTTTl TAT 
I I I I I 
GTTGATATCTTTCCl TTCTAT 
VAL ASP ILE PHE PRD P HE TYR 
PHE MeT L YS ASP GL Y VAL ASN 
TTCATG AAGGATGGTGTTAAT 
I I 
fTTA TG AAG 
PHE MET LYS 
GATGG CGTT AAT 
ASP GL Y VAL ASN 
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G4 
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G4 
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en 
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F 1274ALA THR PRO LEU F'RO THR VAL ASN THR THR GLY TYR ILE ASP 
GCCACTCCTCTCCCGACTGTTAACACTACTGGTTATATTGAC 
I I I I I I I I I I I I I I I I I I GCCTCCCCTCTTCCTCCTGTTACATGCTCCTCTGGTTGGGAC 
F 2873'~LA SER PRO LEU PRO PRO VAL THR CYS srn SER GL Y TRP ASP 
F 1334THR ILE ASN PRO ASP THR ASN LYS ILE PRO LYS HIS LEU F'HE 
ACGATTAACCCTGATACCAATAAAATCCCTAAGCATTTGTTT 
I I I I I I I I I I I I I I I I I I 
ACCATTCCGTCTTCTACCCTTAAAGTGCCTAAATTCTTACAT 
F 2933THR I L E PRO SER SER THR LEU LYS VAL PRO LYS PHE LEU HIS 
F 1394TYR ASN ASN TYR PHE L YS ALA PRO TRP MET PRO ASP Af\G THR 
TATAACAACTATTTTAAAGCGCCGTGGATGCCTGACCG T ACC 
. I I I I I I I I I I I l I I 
TATAATAACTACTT CAAACCGCCTTGGTCTGATGACTTAACT 
F 299/YR ASN ASN TYR PHE L YS PRO PRO TRP SER ASP ASP LEU . THR 
F 1454LEU ASN GLN ASP ASP ALA ARG TYR GL Y PHE ARG CYS CYS HIS 
CTTAATCAAGATGATGCTCGTTATGGTTTCCGTTGCTGCCAT 
I I I I I I I I I I I I I I I I I I I I I I I 1 I 
ATGCCTTCTGAGGATTATAAATGGGGCGTACGTGTCGCTAAC 
F 3053MET PRO SER GLU ASP TYR L YS TRP GL Y VAL ARG VAL ALA ASN 
1514ALA 
G C T 
I 
G C G 
3u:lLA 
PRO LEU PRO PRO GLU THR GLU LEU SER ARG GLN MET THR 
CCGCTTCCTCCTGAGACTGAGCTTTCTCGCCAAATGACG 
I I I I I I I I I I I I I I I I CCACTTCCACCGGATACTCGTACATCTGAAAACATGAC T 
PRO LEU PRO PRO ASP THR ARG THR SER GLU ASN MET THR 
HIS ALA ALA 
CATGCCGCT 
I I I 
TCTGCTGCT 
srn ALA ALA 
GLN GLY !"YR 
CAGGGTTAT 
I 
CAGGGCTAT 
GLN I GLY TYR 
PH E L EU GLY 
TTT C TTGGC 
I I I 
TATCT C GGT 
TYR LEU GLY 
LEU ASN ILE 
T T GAATATC 
I I 
CTGAATATT 
LEU ASN ILE 
GLU ALA ASN PRO ASN GLU 
GAGGCTAA C CCTAATGAG 
L ~IG C TA A cc C l + u Lt 
TYR ALA ASN PRO SER ASN 
LEU LYS ASN ILE TRJ:- THR 
CTCAAAAACATTTGGACT 
I I I I I 
CTTAAATCTATCTGGACT 
LEU I LYS SER ILE TRP THR 
THR SER THR THf\ SER ILE 
ACTTCTACCACATCTATT 
I I I I I I 
ACTGGTACATCCACTATT 
THR GL Y THR SER THR ILE 
1574ASP ILE MET GLY LEU GLN ALA ALA TYR ALA ASN LEU HIS 
GCTAATTTGCAT 
THR ASP GLN GLU ARG ASP TYR 
GACATTATGGGTCTGCAAGCTGCTTAT 
I I I I I 
GACATTATGGGCCTTCAAGCCGCATAC 
F 317 /SP ILE MET GL Y LEU GLN ALA ALA TYR 
I I 
GCTAAATTACAT 
ALA L YS LEU HIS 
ACTGACCAAGAACGTGAT l"AC 
I I I 
ACGGAACAGGAACGTGATTA C 
THR GLU GLN GLU ARG ASP TYR 
¢x 
G4 
¢x 
G4 
¢X 
G4 
¢x 
G4 
¢x 
G4 
¢x 
G4 
F 1634PHE MET GLN ARG VAL ILE SER SER 
TTCATGCAGCG GTTATTTCTTCA 
ALA ¢X 
I I I I I I I I I I I G C 1 I 
G G T Ace ,,,~,· ·~::., " ".::_· , .=_-ATTATGAAAGAG 
F 323,e~C /Ml,T .: THR ILE HET LYS GLU HIS GLY G4 
F 
F 
1694ASP ASN ARG PRO LEU LEU VAL MET ARG SER ASN LEU TRP 
GACAACCGTCCTTTACTTGTCATGCGCTCTAATCTCTGG 
I I I I I I I I I 
GACAATCGTCCTCTTCTGCTCATGCGCTCTGAATTTTGG 
329 j ASP . ASN ARG PRO LEU LEU LEU MET ARO SER [ GLU PHE TRP. 
1754GLY THR ASP GLN THR SER LEU GLY GLN PHE SER GLY ARG 
ALA SER GL Y TYR ASP 
GCATCTGGCTATGAT 
I 
GCATCTGGCTATGAC 
ALA SER I GL y TYR ASP 
VAL GLN GLN THR TYR 
VAL ASP 
GTTGAl 
I I 
GTAGAC 
VAL ASP 
LYS HIS 
GGAACTGACCAAACGTCGTTAGGCCAGTTTTCTGGTCGTGTTCAACAGACCTATAAA C AT 
G G + A C T G A C C A A + C + T C + ! T J G G + C A ! T T l T C T G G T C G b G T T C A ~ C A G A C C T + b A A + C A (~ 
335;GLY THR ASP GLN SER SER LEU GLY GLN P HE SER GLY ARG VAL GLN GLN THR PHE ASN HIS 
¢X 
G4 
¢x 
G4 
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1814SER VAL PRO ARG PHE PHE VAL PRO GLU HIS GLY THR MET PHE nm L EU ALA LEU VAL ARG 
T CTGTGCCGCGT 
I I I I I I 
TT CT TT G T TCC T GAGCA T GGCACTATGTTTACTC TT GCGCT T GTTCGT 
AAAGTCCCACGC 
3413L YS VAL PRO ARG 
T r c T l T G r T c c r G A r, c A r ! G c ! .~ 1 A T + ! T I~ A c T c r ! G c G ! r T 1 ! T c G b 
PHE TYR VAL PRO GLU HIS ARG VAL ILE MET THR LEU ALA VAL THR ARG 
l874PHE: PR O PRO rnr, ALA T HR L YS GLU ILE 
TTTCCGCCTACTGCGACTAAAGAGATT 
I I I I I I I I I I 
TTTCCGCCTACTCATGAAATGGAAATG 
3473PHE PRO PRO THR HIS GLU MET GLU MET 
1934THR ASP ILE ALA GLY ASF' PRO VAL LEU 
GLN TYR LEU ASN ALA 
CAGTACCTTAACGCT 
I I I I I I 
CACTATCTTGTAGGT 
HIS TYR LEU VAL GL Y 
TYR Gl.Y ASN LEU PRO 
L YS GL Y ALA LEU THR TYR 
A A A G G T G C T T T G A'C T T A T 
I I I I I I 
AAAGAAAACTTAACTTAT 
LYS GL U ASN LEU THR TYR 
PRO ARG GLU I LE SER MET 
ACCGA T ATTGCTGGCGACCCTGTTTTGTATGGCAACTTGCCGCCGCGTGAAATTTCTATG 
A C C G A T A T T G C T -~ G + G A C C C T G ~ ! ! T G ! + b G ! + A A C b T G C C ! C C + C G T G A A ! T ! T C ! -1- T ! 
3533 THR ASP ILE ALA CYS ASP PRO ALA LEU ' MET AL A ASN LEU PRO PRO ARO GLU VAL SER l.EU 
iilX 
G4 
iilX 
G4 
iilX 
G4 
1994 L YS ASP VAL PHE ARG SER GLY ASP SER SER LYS LYS PHE LYS ILE 
AAGGATGTTTTCCGTTCTGGTGATTCGTCTAAGAAGTTTAAGATT 
ALA GLU GL Y GLN TRP ¢x 
I I I I I I I I I I I I I I I I I I I I I I I 
AAAGAATTCTTCCACTCCTCACCCGATTCTGCTAAATTCAAAATC 
G CT GAGG GT CA G. T G G 
I I 
GCTGAGGGCCAATGG 
3593LYS GLU PHE PHE HIS SER SER PRO ASP SER ALA LYS PHE LYS ILE ALA GLU GL Y GLN TRP · G4 
2054TYR ARG TYR ALA PRO SER TYR VAL SER PRO ALA TYR H IS LEU LEU GLU GL Y PHE PRO F'HE 
TATCGTT AT GCGCCTTCGTATGTTTCTCCTGCTTA T CACCT T CTTGAAGGCTTC C CATTC 
T A T c G , A l l b l o c c r 6 l ~ ,[ ! T o T b ,\ c T t t b b c l r A T l A t ,l b r c T ! G A + G o ~ 1 1 c c c b r r c 
3653TYR ARP THF.' GLN PRO ASP ARG VAL ALA PHE PRO TYR ASN ALA LEU ASP GLY PHE PRO PHE 
2114ILE GLN GLIJ PRO PRO SER GLY AS P LEU GLN GLU ARG VAL LEU IL E ARG HIS HIS AS P TYR 
ATTCAGGAACCGCCTTCTGGTGATTTGCAAGAACGCGTACTTATTCGCCACCATGATTAT 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
fACTCTGCTCTCCCGTCCACGGAACTAAAAGACCGTGTACTGGTTAACACTAATAACTAC 
3713TYR SER ALA LEU PRO SER THR GLU LEU LYS ASP ARG VAL LEU VAL ASN THR ASN ASN TYR 
2174ASP GLN CYS PHE GLN SER VAL GLN LEU LEU GLN TRP ASN SER GLN VAL LYS PHE ASN VAL 
GACCAGTGTTTCCAGTCCGT TCA GfTGTTGCAGTGGAATAGTCAGGTTAAATTTAATGTG 
I I I I I I I I I I I I I I I I I I I I I I I 
GATGAAATCTTCCAGTCTATGCAGCTTG C ACACTGGAATATGCAAACTAAATTTAACATT 
3773ASP GllJ ILE PHE GLN SER MET GLN LEU ALA HIS TRP ASN MET GLN THR LYS PHE ASN IL E 
2234 THR VA L TYR ARG ASN LEU PRD nm THR ARG ASP SER ILE MET THR SER ••• 
A C C G T T T A T C G C A A T C T G C C G A C C A C T C G C G A ·1 T C A A T C A T G A C T T C G T G A -
I I I I I I I I I I I I 
AACGTTTATCGTCACATGCCTACGACACGTGACTCAATCATGACCTCGfAACGCAACAAA 
3833ASN VAL TYR ARG HIS MET PRO THR THR ARG ASP SER ILE MET THR SER 
*** 
TAAAAGATTGAGTGTGAGGTTATAACGCCGAAGCGGTAAAAAT 
3a,j G C C G C C C C T C T A C T G G T ~ A ,l A + A b b + b ! b b l l i G + b b J 6 ! ,l & 1 C C G { b b C + l b b & A b A T 
iilX 
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2328 
TTTAATTTTTGCCGCTGAGGGGTTGACCAhGCGAAGCGCGGTAGGTTTTCTGCTTAGGAG 
l ! T ! " l 6 T ! T l c ~ l + l ~ A + " " l J 6 " J ,\ l A A " c ! J J J b + c J ~ T A J + i J l ! ! l J c l ! A l " l l 
3953 
G 2388 MET PHE GLN THR PHE I LE SER ARG HIS ASN SER ASN PHE PHE SER ASP L YS LCU 
CliCCATAATTCAAACTTTTTTTCTGATAAGCT TTTAATCATGTTTCAGACTTTTATTTCT I I I I I I I I 
C TAACATATGT TCCAGA AATT CATTTCT UbcALArlc+U!Lr!!Lcr!i\rLocr 
G 4013 MET PHE GLN L YS PHE ILE SER LYS HIS ASN ALA PRO IL~ ASN SER THR GLN LEU 
G 2448 VAL LEU THR SER VAL THR PRO ALA SER SER ALA PRO VAL L EU GLN THf~ PRO L YS ALA Tl-ff.: 
GGTTCTCACTTCT 
I I I I I I I 
GTTACTCCAGCTTCTTCGGCACCT GTTTTACAGACACCTAAAOCTAC 
TG C T GCTACT AAA 
I I I I I I I I I I I I I I I I 
-- ACCCCAGCTGTAGCGGCACCTGTT T TATCTGTGCCTAACTTAAG 
G 4073 ALA ALA THR L YS THR PRO AL A VAL ALA ALA PRO VAL LEU SER VAL PRO ASN LEU SER 
G 2508 SER 
A T C G 
uu 
G 4130 ARG 
SER THR LEU TYR PHE ASP 
TCAACGTTATATTTTGAT 
I I I I I I I I I 
TCTACTATTCTAATCAAT 
SER TH R ILE LEU ILE ASN 
SER LEU 
AGTTTG 
I I I I I I 
GCAACA 
ALA fHR 
THR VAL ASN ALA GL Y 
ACGGTTAATGCTGGT 
I I I I I I I I I I I 
ACCACAGCCG T TA CA 
THR THR ALA VAL THR 
ASN GL Y GL Y PHE LEU HI3 
AATGGTGGTTTTCTTCA 
I I I I I I I I I I I I I 
ACTCATTCAGGCTTGTG 
T HR HIS SER GLY LEU CYS 
G 2568 CYS ILE GLN MET ASP THR SER VAL ASN ALA ALA ASN GLN VAL VAL SER VAL GLY ALA ASP 
T T G C A T T C A G A T G G A T A C A T C T G T C A A C G C C G C T A A T C A G G T T G T T T C T G. T T G G T O C l G A 
J!l+orr6++JJJ!+rJ!+l!!lb!AAc& c!!c!AATcA+J!bobrJ+!+b r l+ro c! o6 
G 4190 HI S VAL VAL ARG ILE ASP GLU THR ASN PRO THR ASN HIS HIS ALA LEU SER ILE ALA GLY 
G 2628 ILE ALA PHE ASP ALA ASP PRO LYS PHE PHE ALA 
G C C 
CYS 
T G T 
LEU VAL ARG 
TTGGTTCGC 
PHE 
T T T 
GLU SER SER SER 
GAGTCTTCTTC TATTG CT TTTGATGCCGACCCTAAATTTTTT 
rULilrlAAAJolc&6UcrL+lr~/4rr I I I I I I I I I I I I I GCCATTCGT 
G 4250 SER LEU SER ASN VAL PRO ALA ASP MET ILE 
G C T ALA T T T PHE ALA ILE ARG T T T PHE GAGGTCGCTGA GL U VAL ALA ASP 
G, 2688 VAL 
G ------ GTT 
I 
TGGCGTCGTT 
G 4310 GL Y VAL VAL 
PRO 
C C G 
I 
C C T 
PRO 
THR THR LEU 
ACTACCCTC 
I I 
ACTGCCGTC 
T HR ALA VAL 
PRO THR ALA TYR ASP VAL TYR 
CCGACTGCCTATGATGTTTAT 
I I I I I I I I 
CCGGCCTTATACGACGTCTAT 
PRO ALA LEU TYR ASP VAL TYR 
PRO LEU ASN GLY ARG HIS 
CCTTTGAATGGTCGCCA 
c c. l ! T ! ! A ! l ! ! + + c l A 
PRO ILE GLU THR PHE ASN 
G 2742 ASP GLY GLY TYR TYR nm VAL LYS ASP CYS VAL THR ILE ASF· VAL LEU PRO ARG THI:::: P r~o 
TGATGGTGGTTAT TA TACCGTCAAGGACTGTG T GACTATTGACGTCCTTCCCCGTACGCC 
rAA6006AAh~6A!+b+cltr +AA!oAt~6rortAcbAr60Ac \6!c!rcccc obAci\bt 
G 4370 ASN GL Y LYS ALA ILE SER f'HE LYS ASP ALA Vl;IL THR ILE ASP SER HIS PRO ARG THR \..'AL 
G 2802 GL Y ASN ASN VAL TYR VAL GL Y F'HE MET VAL TRP SER ASN PHE THR ALA THR L YS CYS 
GGGCAATAACGTTTATGTTGGTTTCATGGTTTGGTCTAACTTT---ACCGCTACTAAATG I I I I I I I I l I I I I I I I I I 
CGGTAACGACGTTTATGCGGGAATCATGLTCTGGTCTAACGCTTGGACCGCCTCTACTAT 
G 4430 GLY ASN ASP VAL TYR ALA GL Y I LE MET LEU TRP SER AS N ALA TRP THR · ALA SER THR ILE. 
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G 2859 ARG GLY LEU VAL SER LEU ASN GLN VAL IL E LYS GLU ILE ILE CYS LEU GLN PRO LEU , LYS J2IX 
CCG CGG TTGGTTTC GC TGAATCAG GT TATTAAA GAGATTATTTGTCTCCAGCCACTTAA I I! I I I I I I I I I I JI I I I I I J JI I I I I I I C T C T G T C C T C T C T G T -T A A T C A G G T A A A C C G T G A A G C A A C C G T C C T T C A A C C T C T G A A 
G 4490 S ER VAL LEU '1''""S£fC VAL / ASN . GLN ··· 9 AL ASN ARG ' Gi..U ALA THR VAL . LEU GLN PRO .LEU LYS G4 
••• H 2919 MET PHE GL Y ALA ILE ALA GLY GLY ILE ALA SER ALA LEU ALA GLY GLY ¢X 
GTGAGGTGATTT -- ATGTTTGGTGCTATTGCTGGCGGTATTGCTTCTGCTC T TGCTG GTG 
lr!Aoo!++lrlcrATGTTTGo!+crAT~GCTGGCGGTATbGcbrc~GclcrrGc~oolG 
4550 *** 
~-==============~ 
H 2977 ALA MET SER L YS LEU PHE GL Y GL Y GL Y GLN L YS ALA ALA SER GL Y GL Y ILE GLN OL Y ASP ¢x 
GCGCCA TGT CTAAAT T GT TTGGA GGCGGTCAAAAAGCCGCCTCCGGTGGCATTCAAGGTG I I I I I I I I I I I I I I I I I I I G C C T T -~ T_ G G G T A A A_ T T. .,A .. T T . T G G C G G C G Q T C A G T C C G C C G A C T C T A C C G G A A T C C A A G G C A 
H 4610 LEU HET GL Y L YS LEU PH£ GLY GLY GLY OLN SER ALA ASP SER THR GLY ILE GLN GL y ASN G4 
H 3037 VAL LEU ALA THR ASP ASN ASN THR VAL GLY MET GLY ASP ALA GLY ILE LYS SER ALA ILE ¢x 
AT GT G CT T G CT ~C CG AT A AC A AT ACT GT AG G CAT G G GT GA T G CT G GT ATTA A ATC T G CC A I I I I I I I I I I I I I A C G T C C T T G C T T C C G A C A A C A A T G T T G ·T A G G T G C T A A T G A T G C T G G T A T T A A A T C T G C T A 
H 4670 VAL LEU ALA ''· S ER ASP ASN ASH VAL VAL GLY ALA ASN ASP ALA GLY ILE LYS SER ALA ILE G4 
H 3097 GLN GL Y S ER ASN VAL PRO ASN PRO ASP GUJ ALA ALA PRO SER PHE VAL SER GL y ALA MET ¢x 
TTCAAGGCTCTAATGTT CC TAA CCCTGATGAGGCCGCCCCTAGTTTTGT TT CTGGTGCTA 
I I I I I I I I I I I I I I I I I I I I I TTCAGGGCTCTACTGTCCCTAACTCTCAGGAAGCTGCTCCCTCTGCTATCTCTGGCATCC 
H 47313 ···oLN '"GL•( ·, SER THR VAL .. ·PRo AsN SER GLN ·au:i · .. ···ALA ,.. ALA · PRo · SER ALA ILE SER GLY ILE LEU G4 
H 3157 ALA L YS ALA GL Y L YS GL Y LEU LEU GLU GL Y THR LEU GLN ALA GL Y THR SER ALA VAL scr~ ¢x 
TGGCTAAAGCT GGTAAAGGACTTC TT GA A GGTACGTTGCAGGCTGGCACTTCTGCCGT T T I I I I I I I I I J I I I I I I I I I I I I I I T T G C C G A C T C T G G C A A G - ·- - - - - - - - - - - C A T G C G C T C T C G T C T C T T A C C A A T G C T G G T G 
H 4790 . ALA ASP SER GL.Y . LYS " HIS ALA LEU SER SER LEU THR ASN ALA GL Y ALA G4 
H 3217 ASP LYS LEU LEU ASP LEU VAL GLY LEU GLY GLY LYS 
CTGATAAGTTGCTTGATTTGGTTGGACTTGGTGGCAAG 
I I I I I I I I I I I I I I I I CAAATAAACTCATGGAGGCTGTCGGCCTT---TCTAAG 
H 4838 ASN L YS LEU MET GLU ALA VAL GLY LEU SER L YS 
SER ALA ALA ASP L YS GL Y L YS ASP ¢x 
TC T G CC G CT GATA A AG GA A AG G 
I I I I 
TCTGCCTCTGACAAGGGCAAGG 
SER ALA SER ASP L YS GL Y L YS ASP G4 
H 3277 THR ARG ASP TYR LEU ALA ALA ALA PHE PRO GLU LEU ASN ALA TRP GLU Ar~G ALA GL Y ALA ¢X 
ATACTCGTGATTATCTTGCTGCTGCATTTCCTGAGCTTAATGCTTG GGAGCGTGCTGG TG I I I I I I I I I I I I I I I I 
ACACAAAAGACTATCTCGCCGCCGCATTCCCCGAGCTCAACCCATGGGAACGTGCTGGT G 
H 4895 . THR L YS ASP TYR , LEU . ALA .. .ALA ALA PHE PRO . .GLU . LEU ASN PRO TRf' GLU ARG ALA GL Y ALA G4 
H 3337 ASP ALA SER SER ALA GL Y MET VAL ASP ALA GL Y PHE GLU ASN GLN L YS GLU LEU THR L YS ¢x 
C TGATGCTT CCTCTGCTGGTATGGTTGACGCCGGATTTGAGAATCAAAAAGAGCTTACTA I I I I I I I I I I I I I I I I I I I I C TGGCGC TTCTAGTCCAGGCATGCAAGACGCTGGCTTCCAAAATCAGAAGGAGCTAACCA 
H 4955 GL Y ALA SER SER F'RO GLY MET GLN ASP ALA GLY PHE GLN ASN GLN LYS GLU LEU THR LY$ G4 
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MET GLN LEU ASP ASN GLN LYS GLU ILE ALA GLU MET GLN ASN GLU THR GLN LYS OLLI ILC 
'"' AiATGCAiCTIGACAA,CAIAAiGAIATIGC,1AGATGCAAAA ~G AIACTCAiAAi GA IA 
~. o f!t r ... _G __ c A. o ~ r r o A c A A c c A A A A o _ o A A A r c o c r A A o A r o c A A A A l o A A A c r c A o A A o o A A A 
H 15015 . ~ MET GLN. LEU ASP ASN GLN LYS GLU ILE ALA LYS MET GLN ASN GLU THR GLN LYS GLU ILE 
H IJ457 ALA GLY ILE GLN SER ALA THR SER ARG GLN ASN THR LYS ASP GLN VAL TYR ALA GLN ASN 
I T . . T G .C T .. G. G C A T T C. A G T C G G C G A C T T C A C G C C A G A A T A C G A A A G A C C A G G T A T A T G C A C A A A I I I I I I I I I I I I 111 I I I I 
TTGCTGGGCTTCAATCTATTACATCACGCGAAAATACTAAGGATACTGTCTATGCTCAAA 
s i501,~: ··•LA ·oLv LEU GLN ,,~ER ILE THR SER ••o oLu ASN THR LYs ASP I THR VAL TYR ALA GLN AsN G4 !H asu. GLU MET LEU . ALA TYR GLN GLN LYS GLU SER THR ALA ARG VAL ALA SER ILE MET GLU AS N ¢x I ATGAGATGCTTGCTTATCAACAGAAGGAGTCTACTGCTCGCGTTGCGTCTATTATGGAAA I I I I I I I I I I I . I I I I I 
A TIG A A AT G CT CG CG TAT A AC CA A A A AG AG TC TAT GT CA CG CG T lil G G CG CT AT TC TC GA A A 
H 513S - GLU HET LEU ALA TYR ASN GLN LYS GLU SER MET SER ARG VAL GLY ALA ILE LEU 13LU ASN G4 
I . r 3577 THR ASN LEU SER LYS GLN GLN GLN VAL SER GLU ILE MET ARG GLN MET LEU TffR GLN ALA ¢x I ACACCAATCTTTCCAAGCAACAGCAGGTTTCCGAGATTATGCGCCAAATGCTTACTCAAO 
A c l A c l A ! ! c r ~ ! c c A A l c A b c A l c A l A ~ r r c i o A l A r r A r G c o & c A A A r o c r r A c r c A b o 
H 5193·- ·T ·rHR SER · LEU THR LYS . GLN GLN oLN THR · SER GLu ILE MET ARG I GLN NET LEU THR oLN ALA G4 I , 
rH 3637 I GLN THR ALA GLY GLN TYR PHE THR ASN ASP GLN IL E L YS GLU MET THR ARG L YS VAL SE I::: ¢x I CTCAAACGGCTGGTCAGTATTTTACCAATGACCAAATCAAAGAAATGACTCGCAAGGTTA I I I I I I Ii I I I I I I I CTCAAACCGCAGGTCAATATTTTACAAATGACCAAATCAAGGAGCTTACGAGAAAAGTTG 
H r 5•5 , GLN THR ALA . GL Y GLN TYR PHE THR ASN ASP GLN ILE L YS GLU 1 · LEU THR ARO LYS VAL GL Y G4 
H 3697 ALA GLU VAL ASP LEU VAL ¢x 
I GTGCT ----------------- ----------- - -- -i ---GA rnrGACrrn 
G T , G C T G A T A T T G A T G C T G T T C G C G C T A A C A C T G C A C G C A C C C A T G T A G A A A C C G A C C G C T 
H 5315 l ALA ASP ILE ASP ALA VAL ARG ALA ASN THR ALA ARG THR HIS VAL GLU THR ASP ARG SER G4 
G4 
ji!x 
r ins I HIS GLN GLN THR GLN ASN GLN . ARG TYR GLY SER SER HIS ILE I GLY ALA . THR ALA LYs Asr- ¢x I T T C A T C A G C A A A C G C A G A A T C A G C G G T A T G G C T C T T C 1 C A T A T T' G G C G C T A C T G C A A A O G J l 1! Al c Ao o A Ali l c Al A Ac+ J ~co J r Ar a cc r c r r c r c Abbr ! I o o + l! L c L c LA o a 
H 5375 L YS GLN GLU VAL GLN ASN SER ARG TYR ) ALA SER SER GLN VAL GL Y L YS THR ALA L YS ASP G4 
I . 
H 3775 I ILE SER ASN VAL VAL THR ASP ALA ALA SER GLY VAL VAL ASP ILE PHE HIS GL Y ILE ASP ¢x 
I A T A T T T C T A A T G T C G T C A C T G A T G C T G C T. T C T G G T G T G G T T G A T A T T T T T C A T G G T A T T G I I I I I I I I I I I I I I I I 11 I I I I ACGTGTCCAATGCAATTACTGATACAGCTGGTTCTATTGTTGATTATTTTCGTGGTGCTG 
H r 35 VAL SER ASN ALA ILE THR ASP THR ALA i GLY SER ILE VAL ASP TYR PHE ARG GLY ALA ASP G4 
r 3835 L YS ALA VAL ALA ASP THR TRP ASN ASN . PHE TRP L YS ASP GL Y L YS ALA ASP GL Y ILE GL Y ¢X I ATAAAGCTGTTGCCGATACTTGGAACAATTTCTGGAAAGACGGTAAAGCTGATGGTATTG I I I I I I I I I I I I I I I I I I I I I I I I 
A T c A A A A A G r G G c A o A c G r r r A c A A c A A c r A r r r c A A A G A r o G cl A A A r c G A A A G G A A r A o 
5495 GLN L YS VAL ALA ASP VAL TYR ASN ASN ; TYR PHE L YS ASP GL Y L YS SER L YS GL Y ILE GLU G4 
I . I 
H 3895 SER ASN LEU SER ARG L YS ***3917 ¢x 
GCTCTAATTTGTCTAGGAAATAA 
I I I I I I I I II I I 
A ATC CA ATC AC CG CT CC A A AT A A 
H 555 SER ASN . HIS ARG SER LYS ***5577 G4 
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